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Accepted 17 August 2010 of refrigeration and air conditioning system. In this paper thermal-physical properties of nanoparticles 


suspended in refrigerant and lubricating oil of refrigerating systems were reviewed. Heat transfer 
Keywords: performance of different nanorefrigerants with varying concentrations was reviewed and review results 
Nanorefrigerants are presented as well. Pressure drop and pumping power of a refrigeration system with nanorefrigerants 
Heat transfer : were obtained from different sources and reported in this review. Along with these, pool boiling heat 
Challenges of nanofluids : 

transfer performance of CNT refrigerant was reported. 

Moreover, challenges and future direction of nanofluids/nanorefrigerants have been reviewed and 
presented in this paper. Based on results available in the literatures, it has been found that 
nanorefrigerants have a much higher and strongly temperature-dependent thermal conductivity at very 
low particle concentrations than conventional refrigerant. This can be considered as one of the key 
parameters for enhanced performance for refrigeration and air conditioning systems. Because of its 
superior thermal performances, latest upto date literatures on this property has been summarized and 
presented in this paper as well. 

The results indicate that HFC134a and mineral oil with TiO2 nanoparticles works normally and safely 
in the refrigerator with better performance. The energy consumption of the HFC134a refrigerant using 
mineral oil and nanoparticles mixture as lubricant saved 26.1% energy with 0.1% mass fraction TiOz 
nanoparticles compared to the HFC134a and POE oil system. It was identified that fundamental 
properties (i.e. density, specific heat capacity, and surface tension) of nanorefrigerants were not 
experimentally determined yet. It may be noted as well that few barriers and challenges those have been 
identified in this review must be addressed carefully before it can be fully implemented in refrigeration 
and air conditioning systems. 
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1. Introduction 


Nanofluids are a relatively new class of fluids which consist of a 
base fluid with nano-sized particles (1-100 nm) suspended within 
them. These particles, generally a metal or metal oxide, increase 
conduction and convection coefficients, allowing for more heat 
transfer out of the coolant [1]. Serrano et al. [2] provided excellent 
examples of nanometer in comparison with millimeter and 
micrometer to understand clearly as can be seen in Fig. 1. 

In the past few decades, rapid advances in nanotechnology have 
lead to emerging of new generation of heat transfer fluids called 
“nanofluids”. Nanofluids are defined as suspension of nanoparti- 
cles in a basefluid. Some typical nanofluids are ethylene glycol 
based copper nanofluids, water based copper oxide nanofluids, etc. 
Nanofluids are dilute suspensions of functionalized nanoparticles 
composite materials developed about a decade ago with the 
specific aim of increasing the thermal conductivity of heat transfer 
fluids, which have now evolved into a promising nanotechnolo- 
gical area. Such thermal nanofluids for heat transfer applications 
represent a class of its own difference from conventional colloids 
for other applications. Compared to conventional solid-liquid 
suspensions for heat transfer intensifications, nanofluids possess 
the following advantages [1]: 


e High specific surface area and therefore more heat transfer 
surface between particles and fluids. 

e High dispersion stability with predominant Brownian motion of 
particles. 

e Reduced pumping power as compared to pure liquid to achieve 
equivalent heat transfer intensification. 

e Reduced particle clogging as compared to conventional slurries, 
thus promoting system miniaturization. 

e Adjustable properties, including thermal conductivity and 
surface wettability, by varying particle concentrations to suit 
different applications. 


Recently scientists used nanoparticles in refrigeration systems 
because of its remarkable improvement in thermo-physical, and 
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heat transfer capabilities to enhance the efficiency and reliability of 
refrigeration and air conditioning system. Elcock [3] found that 
TiO2 nanoparticles can be used as additives to enhance the 
solubility of the mineral oil with the hydrofluorocarbon (HFC) 
refrigerant. Authors also reported that refrigeration systems using 
a mixture of HFC134a and mineral oil with TiO nanoparticles 
appear to give better performance by returning more lubricant oil 
to the compressor with similar performance to systems using 
HFC134a and POE oil. Hindawi [4] carried out an experimental 
study on the boiling heat transfer characteristics of R22 refrigerant 
with Al2O3 nanoparticles and found that the nanoparticles 
enhanced the refrigerant heat transfer characteristics with reduced 
bubble sizes. 

Eastman et al. [5] investigated the pool boiling heat transfer 
characteristics of R11 refrigerant with TiO nanoparticles and 
showed that the heat transfer enhancement reached 20% at a 
particle loading of 0.01 g/L. Liu et al. [6] investigated the effects of 
carbon nanotubes (CNTs) on the nucleate boiling heat transfer of 
R123 and HFC134a refrigerants. Authors reported that CNTs 
increase the nucleate boiling heat transfer coefficients for these 
refrigerants. Authors noticed large enhancements of up to 36.6% at 
low heat fluxes of less than 30kW/m?. Thus, the use of 
nanoparticles in refrigeration systems is a new, innovative way 
to enhance the efficiency and reliability in the refrigeration system. 

In the literatures a number of reviews on thermal and 
rheological properties, different modes of heat transfer of 
nanofluids have been reported by many researchers [7-10]. 
However, to the best of authors’ knowledge, there is no 
comprehensive literature on the nanoparticles as additives with 
conventional refrigerants and oils used in refrigeration system. It is 
authors’ hope that this review will be useful to fill identified 
research gaps and to overcome the challenges of nanorefrigerants. 


2. Thermal conductivity of nanoparticles used in refrigerants 


Different concentrations of nanoparticles of CuO, Al203, SiO2 
diamond, CNT, TiO, were used in base refrigerants such as R11, 
R113, R123, R134a, and 141b as found in the available literatures 
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Fig. 1. Length scale and some examples related [2]. 


312 R. Saidur et al. / Renewable and Sustainable Energy Reviews 15 (2011) 310-323 


x 
3 


Fig. 2. Comparison of kn/kp among CNT-R113, CNT-water and spherical-particle-R113 [11]. kp, thermal conductivity of nanofluid; ks thermal conductivity of pure fluid. 


[11-23]. Thermal conductivity enhancement of some refrigerants 
with nanoparticles is shown in Figs. 2-4. 

The nanofluid is a new type of heat transfer fluid by suspending 
nano-scale materials in a conventional host fluid and has higher 
thermal conductivity than the conventional host fluid. The 
nanorefrigerant is one kind of nanofluid and its host fluid is a 
refrigerant. A nanorefrigerant has higher heat transfer coefficient 
than the host refrigerant and it can be used to improve the 
performance of refrigeration systems. The heat transfer coefficient 
of a fluid with higher thermal conductivity is larger than that of a 
fluid with lower thermal conductivity if the Nusselt numbers of 
them are the same. Therefore, researches on improving thermal 
conductivities of nanorefrigerants are necessary. There are two 
methods to improve the thermal conductivity of a nanorefrigerant. 
The first one is to increase the volume fraction of nano-scale 
materials in the nanorefrigerant, and the second one is to use nano- 
scale materials with high thermal conductivity [11]. 

The experimental results by Jiang et al. [11] showed that the 
thermal conductivities of carbon nanotube (CNT) nanorefrigerants 
are much higher than those of CNT-water nanofluids or spherical- 
nanoparticle-R113 nanorefrigerants. Authors reported that the 
smaller the diameter of CNT is or the larger the aspect ratio of CNT 
is, the larger the thermal conductivity enhancement of CNT 
nanorefrigerant is as can be seen in Fig. 3. 

Fig. 4 shows the comparison between the experimental data 
and the predicted results of the modified Yu-Choi model on CNT 
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Fig. 3. Effective thermal conductivity of different concentrations of CNT [11]. 


with refrigerants. The mean and maximum deviations of the 
modified Yu-Choi model are 5.5% and 15.8%, respectively, which 
shows that the modified Yu-Choi model is better than the existing 
models in predicting thermal conductivities of CNT nanorefriger- 
ants. 


3. Thermal conductivities of nanofluids 


Thermal conductivity of nanofluids found to be an attracting 
characteristic for many applications including refrigeration and air 
conditioning. It represents the ability of material to conduct or 
transmit heat. Considerable researches have been carried out on 
this topic. It may be mentioned that it is a driving factor that leads 
to an idea of considering nanofluids as refrigerant. Eastman et al. 
[24] found that thermal conductivity of 0.3% copper nanoparticles 
of ethylene glycol nanofluids is increased up to 40% compared to 
basefluid. Authors stressed that, this property plays an important 
role in construction of energy efficient heat transfer equipment. Liu 
et al. [6] investigated the thermal conductivity of copper-water 
nanofluids produced by chemical reduction method. Results 
showed 23.8% improvement at 0.1% volume fraction of copper 
particles. Higher thermal conductivity and larger surface area of 
copper nanoparticles are attributed to this improvement. It is also 
noted that thermal conductivity increases with particles volume 
fraction but decreases with elapsed time. Hwang et al. [25] 
suggested that thermal conductivity enhancement of nanofluids is 
greatly influenced by thermal conductivity of nanoparticles and 
basefluid. For instance, thermal conductivity of water based 
nanofluids with multiwalled carbon nanotube have noticeably 
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Fig. 4. Experimental data versus predicted data of the modified Yu-Choi model [11]. 
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Fig. 5. Comparison of the thermal conductivity of common liquids, polymers and 
solids [40]. 


higher thermal conductivity compared to SiOz nanoparticles in the 
same basefluid. However, Yoo et al. [26] argued that surface to 
volume ratio of nanoparticles is a dominant factor that influences 
the nanofluids thermal conductivity rather than nanoparticles 
thermal conductivity. Surface to volume ratio is increased with 
smaller sizes of nanoparticles. 

Choi et al. [27] reported a 150% thermal conductivity 
enhancement of poly (a-olefin) oil with the addition of multi- 
walled carbon nanotubes (MWCNT) at 1% volume fraction. 
Similarly, Yang [28] reported a 200% thermal conductivity 
enhancement for poly (a-olefin) oil containing 0.35% (v/v) 
MWCNT. It is important to note that this thermal conductivity 
enhancement was accompanied by a three order of magnitude 
increase in viscosity. Eastman et al. [24] found a 40% thermal 
conductivity enhancement for ethylene glycol with 0.3% (v/v) 
copper nanoparticles (10nm diameter), although the authors 
added about 1% (v/v) thioglycolic acid to aid in the dispersion of the 
nanoparticles. The addition of this dispersant yielded a greater 
thermal conductivity than the same concentration of nanoparticles 
in the ethylene glycol without the dispersant. Jana et al. [29] 
measured the thermal conductivity of a similar copper containing 
nanofluid, except the base fluid was water and laurate salt was 
used as a dispersant. Authors observed a 70% thermal conductivity 
enhancement for 0.3% (v/v) cu nanoparticles in water. Kang et al. 
[30] reported a 75% thermal conductivity enhancement for 
ethylene glycol with 1.2% (v/v) diamond nanoparticles between 
30 and 50 nm in diameter. Despite these remarkable results, some 
researchers have measured the thermal conductivity of nanofluids 
and have found no anomalous results. Also, those results can often 
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Fig. 6. The data summary of oxide nanofluids and the boundary line of nanofluid 
effectiveness [20]. 


be predicted by conventional thermal conductivity models [31- 
34]. 

Lee et al. [35] revealed thermal conductivity of nanofluids is 
affected by pH level and addition of surfactant during nanofluids 
preparation stage. Better dispersion of nanoparticles is achieved 
with addition of surfactant such as sodium dodecylbenzenesulfo- 
nate. Optimum combination of pH and surfactant leads to 10.7% 
thermal conductivity enhancement of 0.1% Cu/H20 nanofluids. 
Thermal conductivity of ethylene glycol based ZnO nanofluids 
measured by transient short hot wire technique is found to be 
increased non-linearly with nanoparticles volume fraction [36]. 
Jiang et al. [11] added that thermal conductivity of nanofluids also 
depend on the nanoparticles size and temperature. Vajjha and Das 
[37] also agreed that thermal conductivity is dependent not only 
on the nanoparticles concentration but also on the temperature. 
Authors concluded that, it will be more beneficial if nanofluids are 
used in high temperature applications. 

It has been noticed that most authors agreed that nanofluids 
provide higher thermal conductivity compared to basefluids. Its 
value increases with particles concentration. Temperature, parti- 
cles size, dispersion and stability do play important role in 
determining thermal conductivity of nanofluids [38]. Fig. 5 shows 
the comparison of thermal conductivity of heat transfer fluids and 
nanofluids. Fig. 6 shows the thermal conductivity of nanofluids at 
different temperatures. Table 1 also shows the enhanced thermal 
conductivities of metallic and non-metallic nanofluids as reported 


Table 1 
Summary of literature review for thermal conductivity of nanofluids [39]. 
Particle Base fluid Average particle size Volume Thermal conductivity References 
fraction enhancement 

Metallic nanofluids Cu Ethylene glycol 10nm 0.3% 40% [42] 
Cu Water 100nm 7.5% 78% [44] 
Fe Ethylene glycol 10nm 0.55% 18% [45] 
Au Water 10-20nm 0.026% 21% [45] 
Ag Water 60-80nm 0.001% 17% [46] 

Non-metallic nanofluids Al203 Water 13nm 4.3% 30% [47] 
Al203 Water 33 nm 4.3% 15% [48] 
Al203 Water 68 nm 5% 21% [49] 
CuO Water 36 nm 3.4% 12% [48] 
CuO Water 50nm 0.4% 17% [50] 
SiC Water 26 nm 4.2% 16% [49] 
TiO2 Water 15nm 5% 30% [51] 
MWCNT Synthetic oil 25 nm in diameter 50 wm in length 1% 150% [27] 
MWCNT Decene/ethylene 15nm in diameter 30 wm in length 1% 20%/13%/7% [52] 

glycol/water 

MWCNT Water 100 nm in diameter 70 um in length 0.6% 38% [53] 
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Table 2 
Summary of research on nanoparticles and refrigerants. 
Year Investigator Refrigerant Nanoparticles Size of % volume Performance 
nanoparticles concentrations 
2007 [13] R123, R134a Carbon 20nm x 1 ym 1.0% Heat transfer coefficient enhancement up to 36.6% 
nanotubes 
2009 [8] R141b TiO2 21nm 0.01%, 0.03%, 0.05% Nucleate pool boiling heat transfer deteriorated 
with increasing particle concentrations 
2009 [54] R113 CuO 40nm 0.15-1.5% Maximum enhancement of heat transfer coefficient, 29.7% 
2009 [61] R134a CuO 30nm 0.5%, 1.0%, 2.0% 
2009 [62] R113 CuO 40nm 0, 0.1%, 0.2%, 0.5% Frictional pressure drop increased by 20.8% 
2009 [63] R134a CuO 30nm 0.5% Enhancement of heat transfer coefficient of 
between 50% and 275% 
2010 [56] R113 Diamond 10nm 0-0.05% Nucleate pool boiling heat transfer 
coefficient increased by 63.4% 
2006 [64] 134a TiO2 - Reduction in energy consumption by 7.43% 
2010 [59] R134a CuO No significant pressure drop, Heat transfer 
coefficient increased by more than 100% 
[65] NH3/H20 Al203/CNT 0.06%/0.08% Heat transfer rate was 20% higher than those 


without nanoparticles 


by Ref. [39]. Table 2 shows the thermal conductivity ratio (i.e. 
thermal conductivity of solid to liquids) of nanofluids. The ratios 
are found to be in the range of 3-17,100. This shows an indication 
that when solid particles are added in conventional liquids/ 
coolants, thermal conductivity can be increased tremendously. 

Research has shown that the thermal conductivity and the 
convection heat transfer coefficient of the fluid can be largely 
enhanced by suspended nanoparticles. Choi et al., Choi, Xuan and 
Roetzel, Choi et al. [1,27,41-43] observed that the thermal 
conductivity of this nanofluid was 150% greater than that of the 
oil alone. Table 1 shows the thermal performances of different 
types (metallic, non-metallic, MWCNT) and concentrations of 
nanofluids. 

The enhanced thermal conductivity of nanofluids offer several 
benefits such as higher cooling rates, decreased pumping power 
needs, smaller and lighter cooling systems, reduced inventory of 
heat transfer fluids, reduced friction coefficients, and improved 
wear resistance. Those benefits make nanofluids promising for 
applications like refrigerants, coolants, lubricants, hydraulic fluids, 
and metal cutting fluids. 

Fig. 6 shows the boundary of properties of nanofluids for 
different applications. 


4. Pool boiling heat transfer performance 


The phase change heat transfer characteristics of the refriger- 
ant-based nanofluids in the heat exchangers, especially in the 
evaporator, is an important factor to consider. In order to 
investigate the overall performance of the heat exchangers of 
refrigeration systems using refrigerant-based nanofluids, the heat 
transfer characteristics of them must be known. It is reported that 
the concentration of nanoparticles in nanorefrigerant has influence 
on the boiling heat transfer coefficient as the thermo-physical 
properties, influence the boiling heat transfer coefficient such as 
thermal conductivity and viscosity and they change with the 
change of concentration of nanoparticles in the base fluid 
[1,6,14,15,20,45,54]. 

The researches on the boiling heat transfer characteristics of 
refrigerant-based nanofluids are focused on the pool boiling heat 
transfer [8,12,13,55] and there are no notable published researches 
on the flowing boiling heat transfer characteristics of refrigerant- 
based nanofluids. 

Park and Jung [12,13] investigated the pool boiling heat transfer 
of CNTs (carbon nanotubes)-R22, CNTs-R123 and CNTs-R134a 
nanofluids on a horizontal smooth tube and found that CNTs 
enhanced the pool boiling heat transfer coefficients of refrigerants. 
Authors also reported that the enhancement became more 


pronounced at lower heat flux and the maximum enhancement 
could reach 36.6%. 

Wu et al. [55] observed that the pool boiling heat transfer was 
enhanced at low nanoparticles concentration of TiO, in R11 but 
deteriorated under the condition of high nanoparticles concentra- 
tion. Trisaksri and Wongwises [8] investigated TiO2 in HCFC 1416 
in a cylindrical copper tube and found that the nucleate pool 
boiling heat transfer deteriorated with increasing nanoparticle 
concentrations especially at higher heat fluxes. Researches on the 
boiling heat transfer characteristics showed that the type of 
nanoparticles or fluid, the nanoparticles concentration, the heat 
flux and the type of heating surface have influences on the nucleate 
boiling heat transfer of nanofluids [14,15-21,23]. Das et al. [14] 
reported that pool boiling performance is deteriorated at all levels 
of nanoparticle concentrations because of change in surface 
characteristics due to deposition of nanoparticles. Bang and Chang 
[21] also reported that boiling performance of nanofluids 
deteriorates. Vassallo et al. [20] reported that no enhancement 
in nucleate boiling with silica-water nanofluid. Vassallo et al. [20] 
conducted an experiment with different concentration of alumina 
nanoparticles with water and found that pool boiling performance 
is deteriorated. 

The pool boiling heat transfer characteristics of refrigerant-based 
nanofluids is different from the flow boiling heat transfer 
characteristics and the pool boiling heat transfer characteristics 
only cannot represent the influence of nanoparticles on the heat 
transfer of refrigerant-based nanofluid inside heat exchanger tube in 
the evaporator. Thus it has become necessary to investigate flow 
boiling heat transfer characteristics using refrigerant-based nano- 
fluids as the working fluid. There are correlations existing to predict 
heat transfer coefficient of pure refrigerant flow boiling inside the 
horizontal smooth tube, but they are not developed yet to predict the 
heat transfer coefficient of refrigerant-based nanofluid flow boiling 
inside a horizontal smooth tube to design a heat exchanger using 
refrigerant-based nanofluid as the working fluid. 

Hao et al. [54] investigated the heat transfer characteristics of 
refrigerant-based nanofluids flow boiling inside a smooth tube at 
different nanoparticles concentration, mass fluxes, heat fluxes, and 
inlet vapor qualities to analyze the influence of nanoparticles on 
the heat transfer characteristics of refrigerant-based nanofluid 
flow boiling inside the smooth tube. Authors used average 40 nm 
diameter of CuO nanoparticles and Transmission Electron Micro- 
scope [33] was used to identify the images. Mass fractions being 
considered as 0.1%, 0.2% and 0.5% and ultrasonic vibration was 
used to stabilize the dispersion of nanoparticles. Surfactant was 
not being added to improve the dispersion and stability of 
nanofluid as it has influence on the heat transfer characteristics of 
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the nanofluid [8,14] and may cause the sorption and agglutination 
phenomenon of the nanofluid during boiling heat transfer process 
[8]. 

Hao et al. [54] have presented a correlation for predicting 
the heat transfer coefficient of refrigerant-based nanofluid and the 
predicted heat transfer coefficients agree with 93% of the 
experimental data within the deviations of +20%. Authors observed 
that the heat transfer coefficient of refrigerant-based nanofluid in 
flow boiling is larger than that of pure refrigerant and the maximum 
enhancement is about 29.7% when observed with a mass fraction of 
nanoparticles 0-0.5 wt%. Authors have reported that the reduction of 
the boundary layer height due to the disturbance of nanoparticles 
enhances the heat transfer. Wu et al. [55] and Vassallo et al. [20] 
observed boundary layer height is reduced by the disturbance of 
nanoparticles and the flow boiling heat transfer of refrigerant-based 
nanofluid is enhanced. 

Hao et al. [54] investigated experimentally and numerically the 
migration characteristics of nanoparticles in pool boiling process of 
nanorefrigerant and nanorefrigerant-oil mixture. Authors have 
used R113 as the base fluid, CuO the nanoparticles and RB68EP as 
the lubricant oil. Authors observed that the migrated mass of 
nanoparticles in the pool boiling process of both nanorefrigerant 
and nanorefrigerant—oil mixture, increase with the increase of the 
original mass of nanoparticles and the mass of refrigerant. The 
migration ratio decreases with the increase of volume fraction of 
nanoparticles. Authors also reported that the migration mass of 
nanoparticles and migration ratio in the nanorefrigerant are larger 
than those in the nanorefrigerant-oil mixture. The migrated mass 
of nanoparticles in the nanorefrigerant is 17.5% larger than that in 
the nanorefrigerant-oil mixture on the average under the 
conditions of investigation. However they developed a numerical 
model where predictions and experimental data were in the range 
of 7.7-38.4%. 

Hao et al. [56] studied experimentally the nucleate pool boiling 
heat transfer characteristics of refrigerant/oil mixture with 
diamond nanoparticles. The refrigerant was R113 and the oil 
was VG68. The results indicate that the nucleate pool boiling heat 
transfer coefficient of R113/oil mixture with diamond nanopar- 
ticles is larger than that of R113/oil mixture by maximum of 63.4% 
and the enhancement increases with the increase of nanoparticles 
concentration in the nanoparticles/oil suspension and decreases 
with the increase of lubricating oil concentration. Authors 
developed a correlation for predicting the nucleate pool boiling 
heat transfer coefficient of refrigerant/oil mixture with nanopar- 
ticles and it agrees well with the experimental data of refrigerant/ 
oil mixture with nanoparticles. 

Wang et al. [57] carried out an experimental study of the boiling 
heat transfer characteristics of R22 refrigerant with Al,03 
nanoparticles and found that the nanoparticles enhanced the 
refrigerant heat transfer characteristics with reduced bubble sizes 
that moved quickly near the heat transfer surface. 

Li et al. [58] investigated the pool boiling heat transfer 
characteristics of R11 refrigerant with TiO nanoparticles and 
showed that the heat transfer enhancement reached 20% at a 
particle loading of 0.01 g/L. Fu et al. [59] reported that 
nanoparticles may be effective to enhance the heat transfer of 
the refrigerant and improving the property of the mineral oil. One 
nanolubricant - a lubricant for chillers that incorporates a 
dispersion of nanometer-sized particles — has already been shown 
to improve the boiling heat flux by nearly 300% compared to the 
original nanoparticle-free refrigerant [60]. Table 2 shows summary 
of heat transfer enhancement reported by many researchers. 

Peng et al. [62] investigated the influence of nanoparticles on 
the heat transfer characteristics of refrigerant-based nanofluids 
flow boiling inside a horizontal smooth tube, and presented a 
correlation for predicting heat transfer performance of refrigerant- 
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Fig. 7. Effect of nanoparticles concentrations on the heat pipe efficiency [67]. 
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Fig. 8. Boiling heat transfer coefficients with 1.0 vol% CNTs for R134a [13]. 


based nanofluids. For the convenience of preparing refrigerant- 
based nanofluids, R113 refrigerant and CuO nanoparticles were 
used by the authors. Authors reported that the heat transfer 
coefficient of refrigerant-based nanofluids is higher than that of 
pure refrigerant, and the maximum enhancement of heat transfer 
coefficient found to be about 29.7%. Naphon et al. [66] reported 
that the heat pipe with 0.1% nanoparticles concentration gave 
efficiency 1.40 times higher than that with pure refrigerant as can 
be seen in Fig. 7 and Fig. 8 shows heat transfer enhancement of 
nanorefrigerants. 

Heat pipe technology has been used in wide variety of 
applications in the various heat transfer devices especially in the 
electronic components. However, the heat transfer capability is 
limited by the working fluid transport properties. The basic idea is to 
enhance the heat transfer by changing the fluid transport properties 
and flow features with nanoparticles suspended. New experimental 
data on the efficiency enhancement of heat pipe with nanofluids are 
presented by Ref. [66]. Effects of nanoparticles concentrations on the 
heat pipe efficiency were investigated and obtained the optimum 
condition that results in maximum efficiency [66]. 


5. Lubricity and material compatibility 


A few investigations were carried out with nanoparticles 
in refrigeration systems to use advantageous properties of 
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Table 3 


R. Saidur et al. / Renewable and Sustainable Energy Reviews 15 (2011) 310-323 


Material compatibility results for TiO2 nanoparticles compared to tests with POE oil 10 denotes HFC143a and mineral oil without nanoparticles. 


Sample Dimension changes (%) Weight changes (%) 

POE 0 0.04% 0.06% POE 0 0.04% 0.06% 
PTFE 1.397 1.330 1.212 0.535 —0.448 0.064 0.664 0.226 
PET 0.264 2.155 2.976 0.559 11.171 1.563 1.563 —2.963 
Lead wire —0.039 0.761 0.244 0.369 
Tie cord —0.671 0.990 5.000 1.163 
Rubber —2.132 104.459 3.424 6.663 


nanoparticles to enhance the efficiency and reliability of refrig- 
erators. For example, Wang and Xie [68] found that TiO, 
nanoparticles can be used as additives to enhance the solubility 
of the mineral oil in the hydrofluorocarbon (HFC) refrigerant. In 
addition, refrigeration systems using a mixture of HFC134a and 
mineral oil with TiOz nanoparticles appear to give better 
performance by returning more lubricant oil back to the 
compressor compared to systems using HFC134a and POE oil. 

A refrigerator performance with the nanoparticles was investi- 
gated by Refs. [64,69]. Authors reported that HFC134a and mineral 
oil with TiO nanoparticles work normally and safely in a 
refrigerator. The refrigerator’s energy performance was better 
than the HFC134a and POE oil system. 

Fu et al. [59] reported that nanoparticles may be effective to 
improve the property of the mineral oil. Table 3 provides a 
summary of the results with the TiO2 nanoparticles with 0.04% and 
0.06% mass fractions. The dimensions and mass changes of the 
materials listed in table indicate that the HFC134a and the mineral 
oil with TiO nanoparticles are compatible with the refrigeration 
system materials. The material compatibility is comparable to 
results with HFC134a and POE oil. Bi et al. [69] reported that the 
nanoparticles enhance the solubility of the HFC134a and mineral 
oil. 

Peng et al. [62] discussed the replacement of the R134a 
refrigerant and polyester lubricant with a hydrocarbon refrigerant 
and mineral lubricant. The mineral lubricant with Al,O3 nano- 
particles (0.05, 0.1, and 0.2 wt%) was used to improve the 
lubrication and heat transfer performance. Experimental results 
indicated that the 60% R134a and 0.1 wt% Al,03 nanoparticles were 
optimal. Under these conditions, the power consumption was 
reduced by 2.4%, and the coefficient of performance was increased 
by 4.4%. These results show that replacing R134a refrigerant with 
hydrocarbon refrigerant and adding Al2O3 nanoparticles to the 
lubricant effectively reduced power consumption. 

Lee et al. [70] presents the friction and antiwear characteristics 
of nano-oil composed of refrigerator oil and fullerene nanopar- 
ticles in the sliding thrust bearing of scroll compressors. The 
friction coefficient of fullerene nano-oil at the lower normal loads 
(~1200 N) under the fixed orbiting speed (~1800 rpm) was ~0.02 
while that of pure oil was ~0.03, indicating that that the fullerene 
nanoparticles dispersed in the base refrigerant oil improved the 
lubrication property by coating the friction surfaces. However the 
differences between friction coefficients for both nano-oil and pure 
oil were found to be negligible at higher normal loads conditions 
(>~1200N), indicating that the nanoparticles in the base oil have 
little effect on the enhancement of lubrication between the friction 
surfaces. The friction coefficient of nano-oil at various speeds of the 
orbiting plate in the sliding thrust bearing was found to be less 
than that of pure oil over the entire orbiting speed ranging between 
300 and 3000 rpm. This is presumably because fullerene nano- 
particles, which were inserted between the friction surfaces, 
improved the lubricating performance by increasing the lubricant 
oil viscosity and simultaneously preventing direct metal surface 
contacts [71]. 


The tribological properties of fullerene nanoparticles-added 
mineral oil were investigated as a function of volume concentration 
of fullerene nanoparticle additives (e.g., 0.01, 0.05, 0.1, and 0.5 vol%) 
by Ref. [72]. The lubrication tests were performed at the disk-on-disk 
type tester under the various normal forces and fullerene volume 
concentrations. Tribological properties were evaluated by measur- 
ing the friction surface temperature and friction coefficient. Authors 
reported that the nano-oil containing the higher volume concentra- 
tion of fullerene nanoparticles resulted in the lower friction 
coefficient and less wear in the fixed plate, indicating that the 
increase of fullerene nanoparticle additives improved the lubrica- 
tion properties of regular mineral oil. 

The friction coefficient of nano-oil IV was found to be ~0.02, 
which is the lowest friction coefficient among various nano-oils 
studied by Ref. [72]. Therefore, it can be stated that oil with more 
fullerene nanoparticle additives shows enhanced lubrication 
property [72], see Fig. 9 below. 

Fig. 10 shows the Stribeck curve measured for raw mineral oil, 
nano-oil I, II, HI, and IV. It was noted that the friction coefficients of 
all oils were not appreciably changed up to the normal force of 
200 N. However, when the normal force increased beyond 200 N, 
the viscosity was decreased by increasing oil temperature due to 
local metal-to-metal contact between the plates. One can see that 
the maximum friction coefficients were decreased as the fullerene 
volume fraction was increased. This is presumably attributed to (i) 
the added fullerene molecules accelerate self-restoration of the 
polymeric tribofilm damaged in the course of mechanochemical 
degradation, and also (ii) the fullerene particles with a spherical 
structure play a role of ball bearing in the friction surfaces [72]. 

Authors reported that the amount of scratched circles was 
decreased with increasing the volume concentration of the 
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Fig. 9. Lubrication test results on the friction coefficient as a function of the fullerene 
volume fraction of nano-oil using the disk-on-disk type tester at the rotating speed 
of 1000 rpm [72]. 
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Fig. 10. Relationship between and the friction coefficients as a function of the 
fullerene volume fraction of nano-oils. 
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Fig. 11. Lubrication test results on the friction coefficient as a function of the normal 
axial force in the sliding thrust bearing tester at the fixed orbiting speed of 
1800 rpm for the cases of pure oil and 0.1 vol% nano-oil [70]. 


fullerene suspension. It indirectly indicates that the nano-oil IV, 
which has the highest volume concentration (~0.5 vol%) in 
nano-oils employed in this study, performs the best lubrication 
than raw mineral oil and nano-oil I, II, and III at the same friction 
conditions. 

Fig. 11 shows that the friction coefficient (i.e. 0.02) of carbon 
nano-oil is less than the friction coefficient of pure oil (i.e. 0.03) at 
1200 N. This indicates that less metal contacts appear to occur with 
the presence of nanoparticles in the oil suspension [70]. 

Lee et al. [71] applied nanoparticles to oil with lower viscosity 
to the compressor used in a refrigerator to decrease the friction 
coefficient with the same or superior load-carrying capacity. 
Mineral oil of 8 mm°/s was used and mixed with fullerene 
nanoparticles of 0.1 vol%. Friction coefficient was evaluated by a 
disk-on-disk tribotester. Authors reported that the friction 
coefficient of the nano-oil was decreased by 90% compared to 
pure mineral oil. As a result, authors concluded that nano-oil 
improves the efficiency and reliability of the compressor. 

Nano-oil I shows a similar result to nano-oil II, but as the load 
gets heavier, the friction coefficient becomes higher. Fig. 12 shows 
the results for friction coefficient in the steady state as a function of 
normal force. In the case of mineral oil, the friction coefficient is 0.1 
at 1200N load, which is very close to the boundary lubrication 
regime. However, in the case of nano-oil II, the friction coefficient is 
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Fig. 12. Final results for friction coefficient in the steady state as a function of 
normal force, using the disk-on-disk type tribotester [71]. 


about 0.01 at 1200 N, maintaining the hydrodynamic lubrication 
regime [71]. 


6. Surface roughness 


Table 4 shows the surface roughness of fixed plate operated at 
the orbiting speed of 1000 rpm and the normal force up to 1000 N 
for 100-min test period. The surface roughness of the fixed plate for 
raw mineral oil was distinctively high, 0.106 um in depth at the 
scratched circle, while those of nano-oil I, II, HI, and IV were 0.077, 
0.067, 0.052, and 0.048 um, respectively [72]. 


7. Energy performance 


The refrigerator performance with the nanoparticles was 
investigated using energy consumption tests and freezer capacity 
tests by Ref. [69]. Authors reported that refrigerator’s performance 
was better with 26.1% less energy consumption with 0.1% mass 
fraction of TiO2 nanoparticles compared to the HFC134a and POE 
oil system. The same tests with Al,03 nanoparticles showed that 
the different nanoparticles properties have little effect on the 
refrigerator energy performance. Thus, nanoparticles can be used 
in domestic refrigerators to considerably reduce energy consump- 
tion. Authors reported that there are two possible mechanisms by 
which the nanoparticles affect the refrigerator performance (i.e. 
energy and material compatibility performance). One is that some 
nanoparticles remain in the compressor to improve the compres- 
sor friction characteristic. The other reason is that some 
nanoparticles flow into the heat exchanger with the refrigerant 
to enhance the refrigerant heat transfer characteristics. However 
details of the mechanism have not been investigated. 

Fu et al. [59] reported that nanoparticles may be effective to 
enhance the heat transfer of the refrigerant. One nanolubricant - a 


Table 4 
Surface roughness of the fixed plate measured by alpha-step at the rotating speed of 
1000 rpm and the normal force up to 1000N for 100-min test period [72]. 


Lubricant Solvent Fullerene Surface roughness 
fraction (vol%) (um) 

Raw oil Mineral oil (0) 0.106 

Nano-oil I Mineral oil 0.01 0.077 

Nano-oil II Mineral oil 0.05 0.067 

Nano-oil II Mineral oil 0.1 0.052 

Nano-oil IV Mineral oil 0.5 0.048 
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Table 5 

Energy consumption of HFC134a/POE oil and HFC134a/mineral oil/TiO2 nanoparticles systems. 
Mass fraction (%) POE 
Energy consumption (kWh/day) 1.077 


0.849 0.796 0.800 


Energy saving (%) 


0.06 TiO- 0.1 Ti O2 0.1 (50 days later) 
21.2 26.1 25.7 


lubricant for chillers that incorporates a dispersion of nanometer- 
sized particles - has already been shown to improve the boiling 
heat flux by nearly 300% compared to the original nanoparticle- 
free refrigerant [60]. At the standard rating condition, the 
introduction of nanofluids gave rise to an increase in the COP by 
5.15%, relative to a condition without nanofluids. Furthermore, the 
pressure drop penalty of the addition of nanofluids was almost 
negligible [73]. 

The data in Table 5 shows that the energy consumption of the 
system with nanoparticles was lower than that of the HFC134a and 
POE oil system. The energy consumption of 0.796 kWh/day was 
least at a nanoparticle mass fraction of 0.1%, which is 26.1% less 
than the POE oil system. In addition, the energy consumption was 
almost same after 50 days for the 0.1% mass fraction, which 
indicates that the refrigerator can work steadily for a long time. 


8. Viscosity of nano-oil 


Fig. 13 shows the kinematic viscosity of nano-oils as a function 
of volume fraction of fullerene nanoparticles in suspension for 
temperature ranging from 40 to 80 °C. There was no considerable 
change in the kinematic viscosity of nano-oil at the various volume 
fractions of nanoparticles, indicating that the kinematic viscosity 
of nano-oils is a weak function of oil temperature considered [72]. 

Fig. 14 shows the change of kinetic viscosity as a function of 
volume fraction and temperature of the oil. When particles are 
added, the increase rate of viscosity of the nano-oil is within 1%. In 
the temperature range for a compressor with time, the viscosity of 
the nano-oil is about the same as for the mineral oil, but the 
viscosity of the nano-oil increases by 7% at 20 °C in comparison 
with the mineral oil. 


9. Pressure drop performance of nanorefrigerant 
In the modern avenue of research, refrigerant-based nanofluids 


formed by suspension of nanoparticles in pure refrigerants have 
been used as a new kind of working fluid to improve the 
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Fig. 13. Kinematic viscosity of nano-oils as a function of fullerene nanoparticle 
concentration and oil temperature ranging from 40 to 80 °C [72]. 


performance of refrigeration systems [68,69,74]. Presence of 
nanoparticles in suspension form may change the pressure drop 
characteristics of the fluid, so this characteristic needed to be 
understood in selecting the refrigerant. Liquid solid phase pressure 
drop characteristics and liquid solid and vapor phase (phase 
change) pressure drop characteristics of nanofluids are studied by 
different researchers. Li and Kleinstreuer [75] studied by simula- 
tion of the pressure drop characteristics of solid and liquid phase of 
fluid. 

Pressure drop developed during the flow of coolant is one of the 
important parameters determining the efficiency of nanofluids 
application. Pressure drop and coolant pumping power are closely 
associated with each other. There are few properties which could 
influence the coolant pressure drop: density and viscosity. It is 
expected that coolants with higher density and viscosity experi- 
ence higher pressure drop. This has contributed to the disadvan- 
tages of nanofluids application as coolant liquids. Yu et al. [35,36] 
and Lee et al. [35] investigated viscosity of water based Al203 
nanofluids and ethylene glycol based ZnO nanofluids. Results 
clearly show, viscosity of nanofluids is higher than basefluid. 
Praveen et al. [76] in their numerical study reviewed that density 
of nanofluids is greater than basefluid. Both properties are found 
proportional with nanoparticles volume fraction. Several litera- 
tures have indicated that there is significant increase of nanofluids 
pressure drop compared to basefluid. Lee and Mudawar [77] 
revealed that single phase pressure drop of Al2O3 nanofluids in 
micro-channel heat sink increases with nanoparticles concentra- 
tion. Vasu et al. [77,78] studied the thermal design of compact heat 
exchanger using nanofluids. In this study, it is found that pressure 
drop of 4% Al203 + H20 nanofluids is almost double of the basefluid. 
Pantzali et al. [79] reported there was substantial increase of 
nanofluids pressure drop and pumping power in plate heat 
exchanger. About 40% increase of pumping power was observed for 
nanofluids compared to water. 

Peng et al. [80] reported that the frictional pressure drop of 
refrigerant-based nanofluids flow boiling inside the horizontal 
smooth tube is larger than that of pure refrigerant, and increases 
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Fig. 14. Kinetic viscosity of fullerene-in-oil as a function of particle concentration 
and temperature [71]. 
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with the increase of the mass fraction of nanoparticles. The 
maximum increase of frictional pressure drop was found to be 
about 20.8% under the experimental conditions. Fig. 15 shows the 
pressure drop of nanorefrigerants with different concentrations 
and R113. 

In Fig. 16 the total pressure drop P, measured inside the PHE, is 
plotted versus the cooling liquid volumetric flow rate for both the 
water and the nanofluid. Pantzali et al. [79] observed that the 
measured viscosity of the suspension (i.e. nanofluids) exhibits a 
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Fig. 16. Pressure drop of the cooling liquid inside the PHE versus the respective 
volumetric flow rate [79]. 


twofold increase compared to water. This leads to a significant 
increase in the measured pressure drop and consequently in the 
necessary pumping power when the nanofluids are applied. 
Authors calculated that the pumping power increased about 40% 
compared to water for a given flow rate. Authors observed that for 
a given heat duty the required volumetric flow rates for both the 
water and the nanofluid are practically equal, while the necessary 
pumping power in the case of the nanofluid is up to two times 
higher than the corresponding value for water due to the higher 
kinematic viscosity of the fluid [79]. 

An insignificant pressure drop penalty (within the experimen- 
tal uncertainty) was found for all three volume fractions of CuO 
nanoparticles used in a study by [81]. Authors reported that 
nanofluids cause little or no penalty to pumping power because at 
very low concentrations the particles do not substantially affect 
viscosity. 

With increasing heat flux, however, the enhancement was 
suppressed due to vigorous bubble generation. Fouling on the heat 
transfer surface was not observed during the course of this study. 
Experiments on solid and liquid phase pressure drop of CuO/H20 
nanofluid in micro-channel heat sink showed that the presence of 
nanoparticles causes a slight increase in pressure drop [82]. 
Experiments on pressure drop of TiO2/H20 nanofluid flowing 
upward through a vertical pipe showed that the pressure drop of 
nanofluid is slightly higher than that of the host fluid at a given 
Reynolds number [83]. Al203/H20 nanofluid in micro-channel 
showed that the pressure drop of nanofluid is larger than that of 
the base fluid and increases with the increase of nanoparticle 
concentration at the same Reynolds number [77]. Li and 
Kleinstreuer [75] simulated the fully developed pressure gradient 
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Fig. 17. Samples of AlO; nanofluids (without any stabilizer) stability change with time [88]. 
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of CuO/H20 nanofluid flow inside micro-channels. The simulation 
results show that (i) at a given Reynolds number, compared to the 
host fluid the pressure gradient increase are less than 2% and 5% at 
nanoparticle volume fractions of 1% and 4%, respectively and (b) 
compared to the host fluid at a given mean velocity the pressure 
gradient enhancement are less than 5% and 15% at nanoparticle 
volume fractions of 1% and 4%, respectively. Researchers show that 
the pressure drop at solid-liquid phase of nanofluid is larger than 
that of the host fluid and the increase of the pressure drop is related 
to the nanoparticle concentration. 

Bartelt et al. [84] obtained insignificant effect on the phase 
change pressure drop of refrigerant/nanolubricant mixture 
(R134a/POE/CuO nanofluid) in flow boiling inside a horizontal 
tube. Significant pressure drop caused by lubricating oil overrules 
the detection of insignificant effect of nanoparticles in phase 
change nanofluid [85]. 


10. Binary nanofluids in absorption system 


The binary mixture of NH3/H20 with nanoparticles of CNT or 
Al2O0; was used as a working fluid to investigate heat transfer 
performance along with the stability of nanorefrigerant by Ref. 
[86]. Authors reported that binary nanofluids are potential 
candidate for next generation working fluid of absorption systems 
[65]. Authors found that the heat transfer and absorption rate with 
0.02 vol% CNT particles are about 17% and 16% higher than those 
without nanoparticles, respectively. Heat transfer and absorption 
rate with 0.02 vol% Al,03 nanoparticles were 29% and 18% higher 
than those without nanoparticles, respectively. Authors recom- 
mended that the concentration of 0.02 vol% of AlzO3 nanoparticles 
be the best candidate for NH3/H20 absorption system. 


11. Challenges of nanofluids 


Many interesting properties of nanofluids have been reported in 
the review. In the previous studies, thermal conductivity has 
received the maximum attention, but many researchers have 
recently initiated studies on other thermo-physical properties as 
well. The use of nanofluids in a wide variety of applications appears 
promising. But the development of the field is hindered by (i) lack 
of agreement of results obtained by different researchers; (ii) poor 
characterization of suspensions; (iii) lack of theoretical under- 
standing of the mechanisms responsible for changes in properties. 
Therefore, this paper highlighted several important issues that 
should receive greater attention in the near future 


11.1. Long term stability of nanoparticles dispersion 


Preparation of homogeneous suspension remains a technical 
challenge since the nanoparticles always form aggregates due to 
very strong van der Waals interactions. To get stable nanofluids, 
physical or chemical treatment have been conducted such as an 
addition of surfactant, surface modification of the suspended 
particles or applying strong force on the clusters of the suspended 
particles. Dispersing agents, surface-active agents, have been used 
to disperse fine particles of hydrophobic materials in aqueous 
solution [87]. 

On the other hand, if the heat exchanger operates under laminar 
conditions, the use of nanofluids seems advantageous, the only 
disadvantages so far being their high price and the potential 
instability of the suspension [84]. 

Generally, long term stability of nanoparticles dispersion is one 
of the basic requirements of nanofluids applications. Stability of 
nanofluids has good corresponding relationship with the enhance- 
ment of thermal conductivity where the better the dispersion 
behavior, the higher the thermal conductivity of nanofluids [88]. 
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Fig. 18. The sedimentation of diamond nanoparticles at settling times of (a) 0 min, 
(b) 1 min, (c) 2 min, (d) 3 min, (e) 4 min, (f) 5 min, and (g) 6 min [8]. 
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However the dispersion behavior of the nanoparticles could be 
influenced by period of time as can be seen in Figs. 17 and 18. Asa 
result, thermal conductivity of nanofluids is eventually affected. 
Eastman et al. [24] revealed that, thermal conductivity of ethylene 
glycol based nanofluids containing 0.3% copper nanoparticles is 
decreased with time. In their study, the thermal conductivity of 
nanofluids was measured twice: first was within 2 days and second 
was 2 months after the preparation. It was found that fresh 
nanofluids exhibited slightly higher thermal conductivities than 
nanofluids that were stored up to 2 months. This might be due to 
reduced dispersion stability of nanoparticles with respect to time. 
Nanoparticles may tend to agglomerate when kept for long period 
of time. Lee and Mudawar [77] compared the AlO; nanofluids 
stability visually over time span. It was found that nanofluids kept 
for 30 days exhibit some settlement and concentration gradient 
compared to fresh nanofluids. It indicated that long term 
degradation in thermal performance of nanofluids could be 
happened. Particles settling must be examined carefully since it 
may lead to clogging of coolant passages. 

Choi et al. [90] reported that the excess quantity of surfactant 
has a harmful effect on viscosity, thermal property, chemical 
stability, and thus it is strongly recommended to control the 
addition of the surfactant with great care. However, the addition of 
surfactant would make the particle surface coated, thereby 
resulting in the screening effect on the heat transfer performance 
of nanoparticles. Authors also mentioned that the surfactant may 
cause physical and/or chemical instability problems. 

In contrast to other common base fluids such as water or 
ethylene glycol, a remarkably rapid agglomeration and settling of 
common nanoparticles was observed in refrigerants [81]. 


11.2. Higher viscosity 


The viscosity of nanoparticle-water suspensions increases in 
accordance with increasing particle concentration in the suspen- 
sion. Therefore, the particle mass fraction cannot be increased 
unlimitedly [91]. Jin et al. [65] concluded that in industrial heat 
exchangers, where large volumes of nanofluids are necessary and 
turbulent flow is usually developed, the substitution of conven- 
tional fluids by nanofluids seems inauspicious. Vassallo et al. [20] 
reported that the viscosity increased so rapidly with increasing 
particle loading that volume percentages of CNTs are limited to less 
than 0.2% in practical systems. 


11.3. Lower specific heat 


From the literatures, it is found that specific heat of nanofluids 
is lower than basefluid. Praveen et al. [76] reported that 
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CuO/ethylene glycol nanofluids, SiO2/ethylene glycol nanofluids 
and Al,03/ethylene glycol nanofluids exhibit lower specific heat 
compared to basefluids. An ideal refrigerant should possess higher 
value of specific heat which enable the refrigerant to remove more 
heat. 


11.4. Thermal conductivity 


The existing models for predicting thermal conductivities of CNT 
nanofluids, including Hamilton—Crosser model, Yu-Choi model and 
Xue model, cannot predict the thermal conductivities of CNT 
nanorefrigerants within a mean deviation of less than 15% [11]. 


11.5. High cost of nanofluids 


Higher production cost of nanofluids is among the reasons that 
may hinder the application of nanofluids in industry. Nanofluids 
can be produced by either one-step or two-step methods. However 
both methods require advanced and sophisticated equipments. Lee 
and Mudamawar [77] and Pantzali et al. [77,79] stressed that high 
cost of nanofluids is among the drawback of nanofluids applica- 
tions. 


11.6. Difficulties in production process 


Previous efforts to manufacture nanofluids have often 
employed either a single step that simultaneously makes and 
disperses the nanoparticles into base fluids, or a two-step approach 
that involves generating nanoparticles and subsequently dispers- 
ing them into a base fluid. Using either of these two approaches, 
nanoparticles are inherently produced from processes that involve 
reduction reactions or ion exchange. Furthermore, the base fluids 
contain other ions and reaction products that are difficult or 
impossible to separate from the fluids. 

Another difficulty encountered in nanofluid manufacture is 
nanoparticles’ tendency to agglomerate into larger particles, which 
limits the benefits of the high surface area nanoparticles. To 
counter this tendency, particle dispersion additives are often 
added to the base fluid with the nanoparticles. Unfortunately, this 
practice can change the surface properties of the particles, and 
nanofluids prepared in this way may contain unacceptable levels of 
impurities. Most studies to date have been limited to sample sizes 
less than a few hundred milliliters of nanofluids. This is 
problematic since larger samples are needed to test many 
properties of nanofluids and, in particular, to assess their potential 
for use in new applications [92]. 

Yet the fact that nanofluids have more points in favor of them 
than against, for usage as cooling fluid, has emerged as an 
undisputed view. This calls for a more intensified effort in the 
research on nanofluids. In contrast to the traditional unilateral 
approach, this research needs to examine closely a variety of 
issues, such as synthesis, characterization, thermo-physical 
properties, heat and mass transport, modeling, and device- as 
well as system-level applications. Hence, a multi-disciplinary 
approach comprising researchers such as thermal engineers, 
chemical technologists, material scientists, chemists, and physi- 
cists needs to be undertaken. Only such an approach can ensure a 
“cooler future” with nanofluids [93]. 


11.7. Fouling 


Even though many nanoparticles were applied to the single 
phase heat transfer of water, actual heat transfer improvement was 
not yet reported. Furthermore, when these particles were applied 
to the boiling heat transfer, they even caused fouling on heat 
transfer surface and consequently HTCs were decreased [14,20,94]. 


12. Conclusions 


e Based on the literatures, it has been found that the thermal 
conductivities of nanorefrigerants are higher than traditional 
refrigerants. It was also observed that increased thermal 
conductivity of nanorefrigerants is comparable with the 
increased thermal conductivities of other nanofluids. 

Thermal conductivities of refrigerant with carbon CNT found to 
be higher than refrigerant without CNT. It was observed that 
maximum thermal conductivity enhancement was found to be 
about 46%. It was also observed that thermal conductivities of 
nanorefrigerants depend on concentrations and aspect ratio of 
CNT. 

It has been observed that heat transfer enhancement can be 
achieved from a minimum value of 21% to a maximum value of 
275% using nanorefrigerants compared to traditional refriger- 
ants. However, many researchers Das et al., Bang and Chang and 
Sobhan and Peterson [14,21,95] found that pool boiling 
performance is deteriorated for different concentrations and 
types of nanofluids. 

The refrigerator’s performance was found 26.1% better with 
0.1% mass fraction of TiO2 nanoparticles compared to a 
refrigerator’s performance with the HFC134a and POE oil 
system [56]. 

The mineral lubricant with Al203 nanoparticles (0.05, 0.1, and 
0.2 wt%) was used to investigate the lubrication and heat 
transfer performance. Results indicated that the 60% R134a and 
0.1 wt% Al,O3 nanoparticles provided optimal performance. 
Under these conditions, the power consumption was reduced by 
about 2.4%, and the coefficient of performance was increased by 
4.4%. 

The friction coefficient of nano-oil IV shows ~0.02, which is the 
lowest friction coefficient among various nano-oils studied by 
Ref. [72]. Surface roughness of this oil with refrigerant oil was 
found to be a minimum value of 0.048 um compared to other oils 
[72]. 

Several literatures have indicated that there is significant 
increase of nanofluids pressure drop compared to basefluid. 
Lee and Mudawar [77] revealed that single phase pressure 
drop of Al,03 nanofluids in micro-channel heat sink increases 
with nanoparticles concentration. Vasu et al. [77,78] studied 
the thermal design of compact heat exchanger using nano- 
fluids and found that pressure drop of 4% Al,03+H20 
nanofluids is almost double of the basefluid. Pantzali et al. 
[79] reported there was substantial increase of nanofluids 
pressure drop and pumping power in plate heat exchanger and 
found about 40% increase in pumping power for nanofluids 
compared to water. Peng et al. [80] reported that the frictional 
pressure drop of refrigerant-based nanofluids flow boiling 
inside the horizontal smooth tube is larger than that of pure 
refrigerant, and increases with the increase of the mass 
fraction of nanoparticles. The maximum increase of frictional 
pressure drop was found to be about 20.8% under the 
experimental conditions. 

It was also found that there are inconsistencies in the reported 
results published by many researchers. Few researchers reported 
the inconsistencies between model and experimental results of 
thermal conductivity of nanofluids. 

Exact mechanism of enhanced heat transfer for nanofluids is still 
unclear as reported by many researchers. 

However, it should be noted that many challenges need to be 
identified and overcome for different applications. 

Nanofluids stability and its production cost are major factors that 
hinder the commercialization of nanofluids. By solving these 
challenges, it is expected that nanofluids can make substantial 
impact as coolant in heat exchanging devices. 
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13. Recommendations for future work 


The heat transfer results show that nanofluids have significant 
potential for improving the flow boiling heat transfer of refriger- 
ant/lubricant mixtures. However, the reasons behind this marked 
improvement with nanoparticle volume fractions at different 
concentrations are not clearly understood. It is unclear why a large 
increase in heat transfer is observed with an insignificant increase 
in pressure. Moreover, obvious challenges with particle circulation 
and unknown effects on the compressor of an air conditioning or 
refrigeration system have not been addressed. Nevertheless, the 
present findings are compelling and further research should be 
undertaken [81]. 

Future research is required to investigate the influence of the 
particle material, its shape, size, distribution, and concentration on 
refrigerant boiling performance. 

Experimental results on the fundamental properties such as 
specific heat, density, and viscosity of nanofluids are very limited 
in the literatures. There are potentials to explore research to 
determine these properties experimentally. 
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